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Abstract
This chapter book aims to present some key aspects, which play a crucial role to optimize 
the energy conversion process occurring in microbial fuel cells (MFCs): fluid dynamics 
and the materials selected as anodic electrodes. MFCs are (bio)-electrochemical devices 
that directly convert chemical energy into electrical energy, thanks to the metabolic activ-
ity of some bacteria. In the anodic compartment, these bacteria, named exoelectrogens, 
are able to oxidize the organic matter, directly releasing the electrons to the anode sur-
face. The conversion process can be deeply influenced by how the electrolyte solution, 
containing the carbon-energy source, moves inside the device. For this reason, fluid 
dynamic modeling is an important tool to explain the correlation between the fluid flow 
and power output production, optimizing also the overall MFC performance. Moreover, 
the morphology of anode electrodes results to be essential to guarantee and enhance the 
bacteria proliferation on them, improving the energy conversion.
Keywords: microbial fuel cells, bioelectrochemical devices, exoelectrogenic bacteria, 
fluid dynamic, modeling
1. Introduction
Since in the next years, the high level of greenhouse gas emissions (GHG) must be reduced as 
confirmed by Kyoto protocol [1, 2], the development and investigation of renewable energy 
sources are of ever increasing importance, since they are expected to play a leading role to 
further improve the life quality all over the world [3].
As represented in Figure 1, the conventional energy sources, based on oil, coal and natural gas, 
are widely used comparing with the renewable energy ones that is only 10% of U.S energy 
© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
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consumption in 2015 [4]. The main targets of EU’s Renewable Energy Directive are focused on 
two important aspects: (1) the renewable energy sources must represent the 20% of final/total 
energy consumption by 2020; (2) all EU countries must adopt national energy action plans, lead-
ing to carry out their renewable targets. Among all renewable energy sources, such as hydroelec-
tricity, wood, geothermal, wind and solar, biofuel is produced/obtained/carried out/achieved 
through the biological processes, such as agriculture and anaerobic digestion, rather than a 
fuel obtained by geological processes, which are achieved in fossil fuels formation like coal and 
petroleum. Biofuels can be obtained directly from plants or derived indirectly by agricultural, 
commercial, domestic and/or industrial wastes. Furthermore, a biofuel cell is a device that real-
izes the conversion of chemical energy into electrical energy toward biochemical reactions. The 
electrons are produced by the oxidation reaction of a specific fuel. Among all different biofuel 
cells, microbial fuel cell (MFC) represents a promising technology as renewable energy sources.
In this chapter, MFC devices are proposed as bio-electrochemical devices that convert the 
chemical energy, embedded in organic compounds (fuel), into electrical energy by the action 
of exoelectrogenic microorganisms [5]. These electrochemical cells are based on a bio-anode, 
whose surfaces are colonized by microorganisms, which proliferate and drive/catalyse the 
oxidation reaction, occurring in the anodic compartment. In the past few decades, in order to 
validate the application of MFCs as energy production devices, different works in the literature 
focused their attention on different carbon energy sources as fuel [6–8]. Moreover, as high-
lighted by different works in the literature, both device architecture, which influence on the 
fluid dynamic distribution inside MFCs, and morphological properties of electrode materials 
play a crucial role to optimize/enhance overall performance/power output production. In this 
Figure 1. US energy consumption by energy sources in 2015.
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chapter, we also explained/described a growing interest in miniaturized these devices at the 
milliliter to microliter size [9–12]. In particular, the design of milliliter-size MFCs induced an 
optimization of carbon sources transport and the reduction of internal resistance of device, 
improving thus the power output production. The authors of several works in the literature 
demonstrate how the reduction/diminution of MFCs volume guarantees a small distance 
between electrodes, fast response time, a low Reynolds number and the possibility to investi-
gate the electron transfer process due to the interaction between bacteria and anodic electrode.
2. MFCs technical aspects principle
The MFC is a bio-electrochemical device, where the microorganisms are used to convert 
chemical energy, trapped in an organic matter, into the electrical energy. The process is based 
on the concept that particular kind of microorganisms, named exoelectrogens, are able to 
oxidize the organic matter (also known as carbon energy sources) [13] and to directly transfer 
the produced electrons outside their cells exogenously [5]. Indeed, these microorganisms are 
capable to directly release the electrons to a chemical or materials that are not immediately the 
electron acceptor. Successively, the produced electrons flow from anodic electrode to terminal 
electron acceptor (TEA) through an external applied load. TEA acquires the electrons and 
becomes reduced in the cathode compartment (see Figure 2). Therefore, MFCs are character-
ized by three main compartments, as shown in Figure 2:
1. Anode chamber, where the organic matter oxidation reaction occurred, catalyzed by exo-
electrogenic bacteria;
2. Cathode chamber, where the reduction reaction is carried out. The released electrons flow 
into cathode chamber through an external load applied, leading thus to reduce the ter-
minal electron acceptor. Regarding the electrolyte in MFCs cathode compartment, many 
different chemical species accept the electron and then are reduced. One of them is the 
Figure 2. Scheme of working principle of microbial fuel cells (MFCs).
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Figure 3. Scheme of the direct electron transfer pathway through (a) the membrane bound cytochromes, (b) nanowires 
self- produced by bacteria and (c) self-produced redox mediators.
oxygen, dissolved into the electrolyte (normally electrolyte is based on water). The oxygen 
is reduced through a catalysed reaction of the electron with the protons, named oxygen 
reduction reaction (ORR). Many TEAs, such as oxygen, nitrate, sulphate and others, accept 
the electrons making some products that can diffuse outside the devices.
3. Proton exchange membrane (PEM), which is an anionic or cationic membrane that sepa-
rates the anode and cathode chambers and ensure the protonic flow into the electrolyte.
3. Anode compartment
In the anode chamber bacteria grow on the electrode surface, generating a biofilm. According 
to IUPAC definition, the biofilm is an “Aggregate of microorganisms in which cells that are fre-
quently embedded within a self-produced matrix of extracellular polymeric substance (EPS) 
adhere to each other and/or to a surface” [14]. The main difference between biofilm and plank-
tonic microorganisms (bacteria that float in the liquid electrolyte) is represented by ability of 
bacteria to self-produce all the connections between among them and with anodic electrode 
surface. The adhesion of bacteria to the electrode surface is ensured by weak and reversible 
van der Waals forces. If the microorganisms are not immediately separated from the electrode 
surface, their anchorage became more effective and stronger by direct cell-adhesion by pili, 
and by a self-produced matrix of extracellular polymeric substances. The resulting biofilm in 
MFC’s anode is formed by electrochemically active bacteria that oxidize the organic matter dis-
solved in the electrolyte, and acting as the carbon energy source in MFCs. In the last years, dif-
ferent works in the literature investigated the different electron transfer processes, carried out 
by bacteria in MFCs [15–20]. These processes can be divided into two mainly different ways:
1. electron shuttling via self-produced mediators [17, 18].
2. nanowires produced by some bacteria which are used as endogenous mediators [19, 20].
Direct electron transfer can be obtained by physical contact of redox active bacterial membrane 
organelle, such as cytochromes, with the anode electrode [21], as represented in Figure 3a. 
Otherwise, Gorbi et al. [19] investigated the conductive bacterial nanowires (or pili), produced 
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by bacteria (Geobacter and Shewanella) as the pathway to direct transfer the electrons to anodic 
electrode, as shown in Figure 3b. Rabaey et al. [17, 18] defined the ability of certain bacteria to 
self-produce redox mediators, which then ensure the direct electron transfer to the anodic sur-
face (see Figure 3c). He demonstrated that bacteria exist, which are able to generate exogenous 
redox mediators, which not have to be added to a culture. These self-produced mediators per-
mit to shuttle the electrons to an electrode, inducing the power generation in a MFC.
4. Microbial fuel cells power output production
The theoretical concept, based on the power output production from MFCs, defined a direct 
correlation between power production and the measured voltage across the external applied 
load [22], as represented in Eq. (1):
  (1)
where I is the current produced from MFCs,  is voltage drop across the external applied 
resistor. One of the main parameters, that can affect produced current and consequently 
power production, is the surface area of anode electrode available for the microorganisms 
growth. For this reason, it is common to introduce the concept of power density, defined 
normalizing power production with anodic surface area (Aanode) [22]. Furthermore, since the measured current is defined as a function of the potential across the external resistance and it 
is needed to take into account the accessible surface area for bacteria proliferation, the power 
density output can be determined by Eq. (2):
  (2)
As widely investigated by several works in the literature [22–24], the generated voltage by 
MFCs depends on both the microorganisms proliferation on anode electrode surface and 
anode and cathode voltages, as explained by Eq. (3):
  (3)
where  and  are respectively the cathode and anode voltages [22].
In particular, the anodic voltage is strictly correlated with the organic matter used as carbon 
energy source inside MFCs, the metabolic activity of the microorganisms and their adhesion 
on electrode surface, on which charge transfer depends. Different organic compounds are 
used as carbon energy sources inside MFCs [25, 26] to produce electricity. The most com-
monly used is sodium acetate, which can release a maximum of eight electrons when bacteria 
oxidized it [27, 28].
Chae et al. [28] investigated the single chamber microbial fuel cells (SCMFCs) performances 
with different substrates, such as acetate, butyrate, propionate and glucose. They demon-
strated that the highest power output is associated with acetate feeding, followed by butyrate, 
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propionate and glucose. Despite of all kinds of organic matters, anodic open circuit voltage 
(a-OCV), defined as the highest potential reached by MFC when no external load is applied, 
is close to −0.3 V. At the cathode, the standard reduction potentials of all electrolytes, which 
must be reduced, influence the cathode voltage. Among all oxidants used in the cathode, 
such as metallic oxidants [29–35] (like U, Cd, Cr, Cu), the most commonly applied is oxygen, 
whose standard reduction potential is equal to 0.805 V. Nevertheless, direct oxygen reduction 
reaction (ORR) results to be thermodynamically disadvantageous due to its high reduction 
potential, low kinetics and high activation losses induced [22]. In order to evaluate the MFC 
voltage, it is mandatory to take into account the voltage losses caused by electrode overpoten-
tials and ohmic losses, as represented by Eq. (4):
  (4)
where  and  represent electrodes overpotentials and  is the ohmic 
losses that are directly proportional to the generated current and internal resistance of MFCs. 
Theoretically, overpotentials consider all voltage drops required to favor, respectively, the 
electrons and protons transport inside the device. The electrode overpotentials are induced by 
three losses, as represented in Figure 4 [5].
i. Activation polarization losses are due to the energy lost needed/necessary to start the 
oxidation or reduction reactions and to ensure electron transfer from the bacterial cells 
to the anode surface. The presence of catalyst at the cathode, the different bacteria in the 
anode compartment and the optimized electron transfer between bacteria and anode sur-
face can minimize these losses. Furthermore, since the current density tends to be reduced 
when the anode surface increase, one of the strategies to overcome activation losses is 
related to use anode electrodes characterized by an high porosity and/or high roughness 
[36]. Another way can be represented by an improvement of interaction between bacteria 
and anodic electrodes, enhancing thus the electron transfer outside the microbe cells to 
anode surface. As shown in Figure 4, it is possible to appreciate that the activation losses 
result to be more evident at low current values.
ii. Ohmic losses are strictly correlated with internal resistance (RΩ) of MFCs. Ohmic losses are due to all parameters that can increase the internal device resistance. The internal 
resistance is defined as the resistance to the electrons flow in electrodes and connections, 
and the resistance to ionic transport in the electrolyte and through PEM, if is present. 
They can be defined by Ohm’s Law, as explained in Eq. (5):
  (5)
The distance between anode and cathode electrodes, the biofilm formation on anode surface, 
the fluid dynamic distribution of electrolyte inside the device and consequently the designed 
architecture of MFCs can influence the ohmic losses. In order to improve overall device per-
formance, ohmic losses must be overcome. In particular, increasing of electrical conductivity 
of anode materials, minimizing the distance between anode and cathode leading to favor 
electrons flow and optimizing the contact between electrodes and electron collectors can 
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avoid ohmic losses, as much as possible. Xie et al. [37] demonstrated how three-dimensional 
structure of anode electrode increases the surface area to volume ratio, improving thus the 
interaction between microorganisms and electrodes and consequently ensuring a higher elec-
tron transport. Another important parameter is the distance between anode and cathode elec-
trodes, lower is this distance, lower is the internal resistance since the electron and protonic 
pathway is reduced. Liu et al. [38] compared the power outputs obtained by MFCs when two 
different spacing, equal to 4 cm ad 2 cm, between two electrodes are used, highlighting that 
power density, when the distance is of 2 cm, is double than the one reached when distance is 
4 cm. Different works in the literature also underlined how the proton exchange membrane 
(PEM) increases the internal resistance of MFCs [39]. Indeed, the removal of PEM not only 
simplifies the design of device, but it can also reduce ohmic losses and consequently increases 
the power output production.
iii. Mass transports losses carry out when the amount of reactants to the electrodes or prod-
ucts from electrodes is insufficient, leading thus to minimize the reaction rate. These 
losses, moreover, can be modified the metabolic activities of microorganisms. These 
losses not only limit the power generation of MFCs, but they increase the pH, hinder-
ing/minimizing the proton diffusion and consequently reducing significantly the current 
density production. Mass transport losses achieved at high current densities.
Moreover, among all voltage losses, it is needed to consider the bacterial metabolism, which 
induces a voltage drop due to the energy suitable for bacteria sustainability.
5. Anodic materials and their influence on power output production
Among all parameters that influence the overall device performance, the materials used at the 
anode, the electrochemical active biofilm at the electrode, and the device configuration play 
an important active role to establish the MFCs power output production. In particular, anodic 
electrodes must satisfy several properties [22] in order to enhance bacteria proliferation on them 
Figure 4. The polarization curve for typical MFCs. Reprinted with the permission from (chemical society reviews, 2012, 
41, 7228–7246) copyright (2012) Royal Society of Chemistry.
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and consequently to improve the overall device performance: (1) biocompatibility for micro-
organisms proliferation; (2) high electrical conductivity and high chemical resistance; (3) high 
specific area to volume ratio, with pores size of order of some micrometers to enhance bacteria 
proliferation on electrode surface and to facilitate the diffusion of carbon energy source inside 
the electrode; (4) cheap production cost. Among all these properties, the electrical conductivity, 
the morphology and the porosity of anodic material can mainly influence the device perfor-
mance, especially in terms of the power output production. In recent years, some works in the 
literatures investigate some metals and their alloys as anodic materials, thanks to their high elec-
trical conductivity, combined with good mechanical properties [40, 41]. One of the main limit 
of metals and their alloys, designed as anodes in MFCs, is related to their chemical resistance. 
Since these materials do not satisfy the no corrosive requirements, different surface treatment 
are provided to overcome the corrosive limit and at the same time to induce a certain roughness 
on the surface, ensuring thus the bacteria adhesion on it. As proposed in the literature, only 
stainless steel and titanium are suitable to be applied as anodes in MFCs. Dumas et al. [42] 
tested stainless steel plates as both anodic and cathode electrodes inside device, demonstrating 
that the power density (close to 23 mW/m2) result to be limited by anode. As reported in other 
work of literature, Dumas et al. [43] confirm worst performance of MFCs, when a stainless 
steel plate is used as anode, than the one reached when graphite anode. Titanium wires are 
commonly used as current collector in MFCs. Heijne et al. demonstrate the lowest performance 
reached when untreated titanium is employed as anodes in the cells [44]. Few works in the 
literature [6, 45] focused their attention on gold anodes, which enhance the growth of Geobacter 
on its surface, generating a current density close to the one obtained by MFCs with graphite 
anodes. Since carbon-based materials show a high biocompatibility for bacterial proliferation, 
good chemical resistance, good electrical conductivity and low cost production, they result to be 
the most promising anodes in MFCs [46]. Generally, carbon-based materials conjugate the best 
chemical surface and morphological properties, able to enhance the biofilm formation [47]. It is 
possible to divide these kinds of materials in three different groups, according to their structure 
[46]: (1) plane organization, (2) packed organization and (3) brush organization.
5.1. Planar structure of anode electrodes
Among all carbon materials with a planar structure, carbon paper, carbon cloth, graph-
ite plates or sheets are widely applied as anodes in MFCs [48, 49]. Both carbon paper and 
carbon cloth are cheaper than graphite based electrodes. Nevertheless, these samples are 
characterized by a low thickness and an enough dense structure, able to reduce the poros-
ity of electrodes, minimizing the surface area and the bacteria growth [46]. Graphite sheets 
show a higher mechanical resistance than the one offered by carbon cloth or carbon paper. 
In particular, Heijne et al. [44] highlighted that the anodes, based on graphite sheets with 
a certain roughness degree, show a higher power output than smooth graphite sheets. In 
order to overcome the high production cost of all these carbon materials, Wang et al. [50] 
investigated a carbon mesh electrodes, treated with ammonia gas and compared to a carbon 
cloth, on which the same treatment was employed. They demonstrated that treated carbon 
mesh reached a power output greater than the one obtained by carbon cloth. In particular, 
many works in the literature demonstrated how the ammonia gas treatment enhances the 
positive charge of carbon surfaces, maximizing the bacterial proliferation and increasing the 
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overall device performance [51]. Furthermore, surface treatments of carbon-based materials, 
especially nitrogen-based functionalization, demonstrated to significantly improve microbial 
proliferation on anode and thus the overall device performances [50, 51].
Since high porosity is an important property that anode electrode must satisfy, two classes of 
materials can be considered: graphite or carbon felt and graphite foam. Generally, the struc-
ture of felt samples are made of fibres, with a total thickness greater than the one of previ-
ously described carbon materials [30]. These materials showed pores size distribution of some 
micrometers, able to increase the bacterial growth, which, however, is restricted by diffusion 
of carbon energy sources inside the electrodes [30]. Another porous carbon material that is 
not commonly used as anodes in MFCs is graphite foam [52]. Chaudhuri et al. [52] confirmed 
that the current density obtained with graphite foam results to be 2.4 times higher than the 
one reached with graphite rod.
5.2. Packed structure of anode electrodes
Different arrangement of above described carbon-based materials has been investigated in 
order to obtain the packed structure of anode electrodes, able to increase the surface area of 
electrodes, available for microorganisms proliferation [53–56]. One of these kinds of struc-
tures is granular graphite. Rabey et al. designed granular graphite as anode in MFCs. Li et al. 
[55] reported a power density of 557 mW/m2 achieved with granular activated carbon anode, 
which is double than the one reached with carbon cloth. This good result confirmed how 
the enhanced surface area of anode guarantees a better bacterial proliferation and then an 
improved electron transfer from bacteria to anode surface. Aelterman et al. [53] analyzed 
overall device performance when different anodes, as carbon felt, graphite felt and granular 
graphite, are applied. They defined a large/great power density, close to 386 W/m3, carried out 
by graphite felt as anode electrode.
5.3. Brushed structure of anode electrodes
The graphite brush materials are classified as an ideal electrode, able to conjugate high sur-
face area, high porosity and great electrical conductivity. Logan et al. [22] designed brushes 
anodes made of carbon fibres that covered two titanium wires. In particular, they developed 
two brush anodes characterized by different dimensions: the smaller one (2.5 cm in diam-
eter and 2.5 in long) and a greater one (5 cm in diameter and 7 cm in long). The MFCs with 
the smaller anodes achieve a power density of 2.4 W/m2, higher than the one reached with 
greater brush anode (1.43 W/m2). Both achieved power densities result to be higher than the 
one obtained with plain carbon paper, used as anode. The worst performance of large brush 
anodes can be explained by the fact that an excessive amount of fibres can hinder bacterial 
proliferation and consequently the diffusion of organic matter inside the anode.
5.4. Composite carbon-based anodes
The anodic surface plays a crucial role to influence the microorganisms adhesion on it, the 
electrical connections, self-produced by bacteria, with the electrode and consequently the 
overall MFCs performance [40, 57, 58]. One of the several strategies, which can be carried 
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out to properly modify the electrode surfaces, is based on the coating materials deposition 
on the electrode. This coating layer must be able to improve the biofilm formation, while 
the electrical conductive backbone part ensures the charge transfer [40, 57]. Many works in 
the literature developed composite anodes, made of metals as backbone electrode part and 
carbon-based materials as interface layer between all electrode and bacteria. These anodic 
configurations improve not only the bacterial growth on the electrode surface but simultane-
ously the power output production [50, 59, 60].
6. Device configurations
Two main configurations of MFCs are widely used in the literature [22]: (1) dual chamber 
microbial fuel cells (DC-MFCs), characterized by two different chambers, respectively anode 
and cathode, normally divided by proton exchange membrane (PEM) and (2) single chamber 
microbial fuel cells (SC-MFCs), where anode and cathode compartments constitute only one 
chamber. Typically, SCMFCs are membrane-less device and the electrolyte result to be in com-
mon between anode and cathode. Figure 5a shows DC-MFCs, where the electrolyte inside the 
cathode is based on chemical solutions, like hexacyanoferrate of potassium. This architecture 
requires the presence of a cationic membrane, which allows the protons transfer between 
the anode and cathode and create two different and separate compartments: the anode and 
the cathode chamber. In this way, the produced electrons, which flow into the cathode, can 
be recombined with protons. Figure 5b represents SC-MFCs configuration, characterized by 
only one chamber. The electrolyte is unique and common with anode and cathode. Different 
works in the literature developed this configuration in order to use oxygen, dissolved into the 
electrolyte, as the final electron acceptor.
As confirmed by some works in the literature [14], the main advantage of DC-MFCs is strictly 
due to the presence of water-soluble electrolyte as a terminal electron acceptor. Indeed, if the 
electrolyte contains potassium hexacyanoferrate, its standard reduction potential is very low, 
close to 0.361 V, leading thus to favor the reduction reaction. On the contrary, the presence 
of a chemical compound as TEA in the cathode chamber minimizes/limits the application of 
these devices in the environment. In order to overcome this limitation, SC-MFCs are designed.
In the latter configuration, oxygen is usually used as unique terminal electron acceptor, 
without the presence of other chemical compounds, ensuring then the environmental-
friendly application of MFCs. Nevertheless, the direct oxygen reduction reaction (ORR) 
shows low kinetics and requires a high reduction potential (close to 0.805 V) to carry out, 
causing several overpotentials in the devices. Indeed, the development of catalyst layer, to 
accelerate and favor direct ORR, is required [61]. Logan et al. [61] designed/investigated/
proposed the development of a catalyst layer (CL) and a diffusion layer (DL) in order 
to overcome/avoid all disadvantage of SC-MFCs. The diffusion layer is made of several 
polytetrafluorethylene (PTFE) layers, able to enhance the diffusion of oxygen from outside 
to inside the devices, while the catalyst layer is typically based on platinum, which is con-
sidered the ideal catalyst for ORR.
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7. Role of fluid dynamics inside the device
The necessity to improve the power output produced by MFCs demanded different strate-
gies, focused on scaling-up MFCs [62], using different kinds of microbial communities and 
exploring several substrates (i.e., derived from wastes) [25]. However, during the last decades, 
different works in the literature considered these devices in terms of small dimensions and 
optimized fluid dynamic distribution, in order to minimize the internal ohmic resistance, 
leading thus to improve the overall MFCs performance [63]. Fluid dynamic modeling can be 
implemented to define the correlation between the fluid distribution inside the device and 
its overall performance [64, 65]. Furthermore, this kind of simulation can have a predictive 
role of fundamental importance in driving the design of the reactors toward the optimal MFC 
configuration.
Figure 5. Two different electrochemical schemes describing two different architectures of MFCs: (a) shows the dual 
chamber MFCs where the reduced species in the cathode is hexacyanoferrate of potassium; (b) represents the single 
chamber MFCs where on the contrary, the oxygen in the cathode is reduced into the water.
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Massaglia et al. [65] analyzed two different architectures of open air cathode MFCs, (drop-
MFCs and square-MFCs), with an inner volume of few milliliters. They demonstrated a direct 
correlation between the fluid distribution inside MFCs and the power output production. In 
this work, Drop-MFCs, indeed, represented the best architecture design, maximizing the fluid 
dynamic distribution and consequently the power density output. Figure 6 shows the fluid 
dynamic distribution inside both drop-MFCs and square-MFCs, obtained implementing two 
different flow rate values. The presented results confirm the better fluid distribution inside 
drop-MFCs for both flow rates.
Qian et al. reported the advantages of design MFCs with smaller volumes of the order of mil-
liliter. They demonstrated how this configuration results to be effective for reducing internal 
electrical resistance device and enhancing mass transport. Ringeisen et al. [66] achieved great 
power densities of 500 W/m3 with a MFCs with an internal volume of 1.2 mL.
Fan et al. [67] investigated the power density production, close to 1 W/m3, obtained with 
an open air cathode configuration MFCs, characterized by a volume of 2.5 mL. Both the 
interaction between biofilm and anode electrode and consequently the metabolic activity of 
microorganisms that drive the oxidation reaction in anodic chamber show a pivotal role to 
define the power output production. Nevertheless macro-size MFCs and milliliter-size MFCs 
show higher output performance, the miniaturization of MFCs to microliter-size (μL-MFCs) 
Figure 6. Results of simulations of fluid distribution inside drop-MFCs and square-MFCs, implemented two different 
values of flow rate, 25 mL h−1 and 100 mL h−1. Reprinted with the permission from (Fuel Cell, 2017, 17, 627–634) Copyright 
(2017) Wiley online library.
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resulted to be needed to deeply understand/investigate the relationship and the interconnec-
tion between all the biological, chemical and electrical parameters. Since some parameters, 
such as mass transport, reaction kinetics and ohmic resistance deeply influence overall MFC 
performance, the design of microliter-size MFCs (μL-MFCs) is required to better investigate 
electrochemically active bacteria and electrode performance. μL-MFCs, in particular, employ 
important and pivotal features:
1. Lower electrode distance for reducing the ohmic internal resistance and optimizing the 
mass transport;
2. Laminar fluid dynamic inside the device for ensuring a better distribution of organic mat-
ter to be oxidized;
3. Device fast response time.
Several works underline/confirm advantageous characteristics of these devices, as high sur-
face area to volume ratio, lower electrode distance and fast response time [11]. The designed 
micro-channels ensures a laminar flow of electrolyte, containing the organic matter to be oxi-
dized, minimizing the mixing with the oxidant species and consequently avoiding the use of 
PEM, decreasing then the ohmic resistance [39]. Some works in the literature focused their 
attention on the critical role of the relationship between the size and electrode distance, dem-
onstrating that μL-MFCs equipped with small electrodes could maximize the performances 
and minimize the amount of residual fuel [9, 68]. Furthermore, the selection of the most 
promising anode materials, together with the reduction of device impedance, plays a crucial 
role to improve the performance of these microscale devices. Qian and Morse [68] studied a 
carbon cloth anode applied in μL-MFCs with a volume of 4 μL, achieving a power density 
of 62.5 W/m3. Lee et al. [9] demonstrates from a fluid dynamic point of view that nano-sized 
anodes electrodes ensure the best performance of microfluidic devices.
8. Conclusion
The proper selection of anode electrodes and deep study of fluidic distribution inside MFCs 
play a pivotal role to define the overall devices performance. In particular, several works 
in the literature demonstrated how the morphology of anode electrodes must be optimized 
in order to improve the bacteria proliferation on their surface, maximizing then the energy 
conversion. For this reason, all anode electrodes must satisfy key properties: (1) biocompat-
ibility for microorganisms proliferation; (2) high electrical conductivity and high chemical 
resistance; (3) high specific area to volume ratio, with pores size of order of some micrometers 
to enhance bacteria proliferation on electrode surface and to facilitate the diffusion of carbon 
energy source inside the electrode and (4) cheap production cost. Among all possible materi-
als, carbon-based results to be the most promising ones to be applied as anode in this bio-
electrochemical devices. It has also been evidenced that fluid management inside the reactor 
is of critical importance, since an optimal chemical energy to electrical energy conversion is 
possible only if proper interactions of fluids (i.e. the electrolyte) and the bioanode are possible. 
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In this perspective, fluid dynamic modeling is a key tool to design systems with optimized 
electrolyte/bioanode interfaces. During the last few years, different strategies were imple-
mented to enhance the power output production. Among all them, the optimization of fluid 
distribution and the reduction of MFC dimensions were employed. Nevertheless, macro-sized 
MFCs and milliliter-size MFCs show higher output performance, the miniaturization of MFCs 
to microliter-size (μL-MFCs) resulted to be needed to deeply understand/investigate the rela-
tionship and the interconnection among all the biological, chemical and electrical parameters.
Author details
Giulia Massaglia1,2* and Marzia Quaglio1
*Address all correspondence to: giulia.massaglia@polito.it
1 Center For Sustainable Future Technologies@Polito, Istituto Italiano Di Tecnologia, Torino, 
Italy
2 Department of Applied Science and Technology (DISAT), Politecnico di Torino, Torino, Italy
References
[1] Akella A, Saini R, Sharma M. Social, economical and environmental impacts for renew-
able energy systems. Renewable Energy. 2009;34:390-396
[2] Kyoto Protocol to the United Nations Framework Convention on Climate Change; 2005. 
https://unfccc.int
[3] Luther W, Eickensbuch H, Kaiser O, Brand L. Application of Nanotechnologies in the 
Energy Sector. Wiesbaden, Germany: Hessen Trade and Invest GmbH. 2008
[4] US energy Information Administration (EIA); April 2016
[5] Logan BE, Hamelers B, Reozendal R, Schroeder U, Keller J, Freguia S, Aelterman P, 
Verstraete W, Rabaey K. Microbial fuel cells: Methodology and technology. Energy and 
Environmental Science. 2006;40:5181-5192
[6] Richter H, McCarthy K, Nevin KP, Johnson JP, Rotello VM, Lovley DR. Electricity genera-
tion by Geobacter sulfurreducens attached to gold electrodes. Langmuir. 2008;24:4376-4379
[7] Bretschger O, Obraztsova A, Sturm CA, Chang IS, Gorby YA, Reed SB, Culley DE, 
Reardon CL, Barua S, Romine MF, Zhou J, Beliaev AS, Bouhenni R, Saffarini D, Mansfeld 
F, Kim B-H, Fredrickson JK, Nealson KH. Current production and metal oxide reduc-
tion by Shewanella oneidensis MR-1 wild type and mutants. Applied and Environmental 
Microbiology. 2007;73:7003-7012
[8] Kim BH, Chang IS, Gadd GM. Challenges in microbial fuel cell development and opera-
tion. Applied Microbiology and Biotechnology. 2007;76:485-494
Energy Conversion - Current Technologies and Future Trends88
[9] Lee J, Lim KG, Tayhas G, Palmore R, Triphati A. Optimization of microfluidic fuel cells 
using transport principles. Analytical Chemistry. 2007;79:7301-7307
[10] Qian F, Morse DE. Miniaturizing microbial fuel cells. Trends in Biotechnology. 2011;29: 
62-70
[11] Wang HY, Bernarda A, Huang CY, Lee DJ, Chang JS. Micro-sized microbial fuel cell: A 
mini-review. Bioresource Technology. 2011;102:235-243
[12] Qian F, Baum M, Gu Q, Morse DE. A 1.5 mL microbial fuel cell for on-chip bioelectricity 
generation. Lab on a Chip. 2009;9:3076-3081
[13] Larminie J, Dicks A. Fuel Cell Systems Explained. Chichester, West Sussex UK: John 
Wiley& Sons Ltd; 2013
[14] W. t. f. encyclopedia. https://en.wikipedia.org/wiki/Biofilm [Online]
[15] Babuata J, Renslow R, Lewandowski Z, Beyenal H. Electrochemically active biofilms: 
Facts and fiction. A review. Biofouling. 2012;28:789-812
[16] Hernandez M, Newman D. Extracellular electron transfer. Cellular and Molecular Life 
Sciences. 2001;58:1562-1571
[17] Rabaey K, Boon N, et al. Biofuel cells select for microbial consortia that self-mediate 
electron transfer. Applied and Environmental Microbiology. 2004;70:5373-5382
[18] Rabaey K, Boon N, Siciliano SD, Verhaege M, Verstraete W. Biofuel cells select for 
microbial consortia that self-mediate electron transfer. Applied and Environmental 
Microbiology. 2005;70:5373-5382
[19] Gorbi e al Y. Electrically conductive bacterial nanowires produced by Shewanella oneiden-
sis strain MR-1 and other microorganisms. PNAS. 2006;103:11358-11363
[20] Reguera G, McCarthy K, Mehta T, Nicoli JS, Tuominen MT, Lovley DR. Extracellular 
electron transfer via microbial nanowires. Nature. 2005;435:1098-1101
[21] Harnisch F, Aulenta F, Shroeder U. Microbial Fuel Cells and Bioelectrochemical Systems: 
Industrial and Environmental Biotechnologies Based on Extracellular Electron Transfer. 
New York: Elsevier; 2011. pp. 644-659
[22] Logan BE. Microbial Fuel Cells. Pennsylvania USA: John Wiley & Sons Inc. Publication; 
2008
[23] Rabaey K, Verstraete W. Microbial fuel cells: Novel biotechnology for energy generation. 
Trends in Biotechnology. 2005;23:291-298
[24] Logan BE. Exoelectrogenic bacteria that power microbial fuel cells. Nature Reviews 
Microbiology. 2009;7:375-381
[25] Pant D, Bogaert GV, Diels L, Vanbroekhoven K. A review of the substrates used in 
microbial fuel cells (MFCs) for sustainable energy production. Bioresource Technology. 
2010;101:1533-1543
The Role of Material Selection and Microfluidics for Optimized Energy Conversion in Microbial…
http://dx.doi.org/10.5772/intechopen.78641
89
[26] Santoro C, Arbizzani C, Erable B, Ieropoulos I. Microbial fuel cells: From fundamentals 
to applications. Journal of Power Sources. 2017;356:225-244
[27] Bond DR, Holmes DE, Tender LM, Lovley DR. Electrode-reducing microorganisms har-
vesting energy from marine sediments. Science. 2002;295:483-485
[28] Chae KJ, Choi MJ, Lee JW, Kim KY, Kim IS. Effect of different substrates on teh per-
fromance. Bacterial diversity and bacterial viability in microbial fuel cells. Bioresource 
Technology. 2009;100:3518-3525
[29] Gregory KB, Lovley DR. Remediation and recovery of uranium from contaminated 
subsurface environments with electrodes. Environmental Science & Technology. 
2005;39:8943-8947
[30] Wang H, Ren ZJ. Bioelectrochemical metal recovery from wastewater: A review. Water 
Research. 2014;66:219-232
[31] Wang H, Luo H, Fallgren PH, Jin S, Ren ZJ. Bioelectrochemical system platform for sus-
tainable environmental remediation and energy generation. Biotechnology Advances. 
2015;33:317-334
[32] Li Y, Wu Y, Liu B, Luan H, Vadas T, Guo W, Ding J, Li B. Self-sustained reduction of mul-
tiple metals in a microbial fuel cell–microbial electrolysis cell hybrid system. Bioresource 
Technology. 2015;192:238-246
[33] Nancharaiah YV, Venkata Mohan S, Lens PN. Metals removal and recovery in bioelec-
trochemical systems: A review. Bioresource Technology. 2015;195:102-114
[34] Heijne AT, Liu F, Weijden R, Weijma J, Buisman CJN, Hamelers HVM. Copper recovery 
combined with electricity production in a microbial fuel cell. Environmental Science & 
Technology. 2010;44:4376-4381
[35] Ntagia E, Rodenas P, Ter Heijne A, Buisman CJN, Sleutels T. Hydrogen as electron donor 
for copper removal in bioelectrochemical systems. International Journal of Hydrogen 
Energy. 2016;41:5758-5764
[36] Kadier A, Kalil MS, Abeshahian P, Chandrasekhar K, Mohamed A, Azman NF, Logrono 
W, Simayi Y, Hamid AA. Recent advances and emerging challenges in microbial elec-
trolysis cells (MECs) for microbial production of hydrogen and value-added chemicals. 
Renewable and Sustainable Energy Reviews. 2016;61:501-525
[37] Xie X, Hu L, Pasta M, Wells GF, Kong D, Criddle CS, Cui Y. Three-dimensional car-
bon nanotube-textile anode for high-performance microbial fuel cells. Nano Letters. 
2011;11:291-296
[38] Liu H, Cheng S, Logan BE. Power generation in fed-batch microbial fuel cells as a func-
tion of ionic strength, temperature, and reactor configuration. Environmental Science & 
Technology. 2005;39:5488-5493
[39] Liu H, Logan BE. Electricity generation using an air-cathode single chamber microbial 
fuel cell in the presence and absence of a proton exchange membrane. Environmental 
Science & Technology. 2004;38:4040-4046
Energy Conversion - Current Technologies and Future Trends90
[40] Guo K, Prevoteau A, Patil S, Rabaey K. Engineering electrodes for microbial electroca-
talysis. Current Opinion in Biotechnology. 2015;33:149-156
[41] Baudler A, Schmidt I, Langner M, Greiner A, Schroder U. Does it have to be carbon? 
Metal anodes in microbial fuel cells and related bioelectrochemical systems. Energy and 
Environmental Science. 2015;8:2048-2055
[42] Dumas C, Mollica A, Feron D, Basseguy R, Etcheverry L, Bergel A. Marine microbial 
fuel cell: Use of stainless steel electrodes as anode and cathode materials. Electrochimica 
Acta. 2007;53:468-473
[43] Dumas C, Basseguy R, Bergel A. Electrochemical activity of Geobacter sulfurreducens bio-
films on stainless steel anodes. Electrochimica Acta. 2008;53:5235-5241
[44] Ter Heijne A, Hamelers HVM, Saakes M, Buisman CJN. Performance of non-porous 
graphite and titanium-based anodes in microbial fuel cells. Electrochimica Acta. 
2008;53:5697-5703
[45] Crittenden SR, Sund CJ, Sumner JJ. Mediating electron transfer from bacteria to a gold 
electrode via a self-assembled monolayer. Langmuir. 2006;22:9473-9476
[46] Wei J, Liang P, Huang J. Recent progress in electrodes for microbial fuel cells. 
2011;102:9335-9344
[47] Santoro C, Gulizzoni M, Baena JPC, Pasaogullari U, Casalegno A, Li B, Babanova S, 
Artyushkova K, Atanassov P. The effects of carbon electrode surface properties on bac-
teria attachment and start up time of microbial fuel cells. Carbon. 2014;67:128-139
[48] Min B, Logan BE. Continuous electricity generation from domestic wastewater and 
organic substrates in a flat plate microbial fuel cell. Environmental Science & Technology. 
2004;38:5809-5814
[49] Sun JJ, Zhao HZ, Yang QZ, Song J, Xue A. A novel layer-by-layer selfassembled carbon 
nanotube-based anode, preparation, characterization, and application in microbial fuel 
cell. Electrochimica Acta. 2010;55:3041-3047
[50] Wang X, Cheng SA, Feng YJ, Merril MD, Saito T, Logan BE. Use of carbon mesh anodes 
and the effect of different pretreatment methods on power production in microbial fuel 
cells. Environmental Science & Technology. 2009;43:6870-6874
[51] Cheng S, Logan BE. Ammonia treatment of carbon cloth anodes to enhance power gen-
eration of microbial fuel cells. Electrochemistry Communications. 2007;9:492-496
[52] Chaudhuri SK, Lovley DR. Electricity generation by direct oxidation of glucose in medi-
atorless microbial fuel cells. Nature Biotechnology. 2003;21:1229-1232
[53] Aelterman P, Versichele M, Marzorati M, Boon N, Verstraete W. Loading rate and 
external resistance control the electricity generation of microbial fuel cells with different 
three-dimensional anodes. Bioresource Technology. 2009;99:8895-8902
[54] Di Lorenzo M, Scott K, Curtis TP, Head IM. Effect of increasing anode surface area on 
the performance of a single chamber microbial fuel cell. Chemical Engineering Journal. 
2010;156:40-48
The Role of Material Selection and Microfluidics for Optimized Energy Conversion in Microbial…
http://dx.doi.org/10.5772/intechopen.78641
91
[55] Li FX, Sharma Y, Lei Y, Li BK, Zhou QX. Microbial fuel cells: The effects of configu-
rations, electrolyte solutions, and electrode materials on power generation. Applied 
Biochemistry and Biotechnology. 2010;160:168-181
[56] Rabaey K, Clauwaert P, Aelterman P, Verstraete W. Tubular microbial fuel cells for effi-
cient electricity generation. Environmental Science & Technology. 2005;39:8077-8082
[57] Li S, Cheng C, Thomas A. Carbon-based microbial fuel cell electrodes: From conductive 
supports to active catalysts. Advanced Materials. 2017;29:1602547
[58] Santoro C, Babanova S, Artyushkova K, Cornejo JA, Ista L, Bretschger O, Marsili E, 
Atanassov P, Schuler AJ. Influence of anode surface chemistry on microbial fuel cell 
operation. Bioelectrochemistry. 2015;106:141-114
[59] Sonawane JM, Yadav A, Ghosh PC, Adeloju SB. Recent advances in the development 
and utilization of modern anode materials for high performance microbial fuel cells. 
Biosensors and Bioelectronics. 2017;90:558-576
[60] Liang Y, Feng H, Shen D, Li N, Guo K, Zhou Y, J X, Chen W, Jia Y, Huang B. Enhancement 
of anodic biofilm formation and current output in microbial fuel cells by composite 
modification of stainless steel electrodes. Journal of Power Sources. 2017;342:98-104
[61] Cheng S, Liu H, Logan BE. Increased performance of single-chamber microbial fuel cells 
using an improved cathode structure. Electrochemistry Communications. 2006;8:489-494
[62] Logan BE. Scaling up microbial fuel cells and other bioelectrochemical systems. Applied 
Microbiology and Biotechnology. 2010;85:1665-1671
[63] ElMekawy A, Hegab HM, Dominiguez-Benetton X, Pant D. Internal resistance of 
microfluidic microbial fuel cell: Challenges and potential opportunities. Bioresource 
Technology. 2013;142:672-682
[64] Kim JR, Bohani HC, Amini N, Zinsou K, Michie I, Dinsdale RM, Guwy A, Guo Z, Premier 
G. Porous anodes with helical flow pathways in bioelectrochemical systems: The effects 
of fluid dynamics and operating regimes. Journal of Power Sources. 2012;213:382-390
[65] Massaglia G, Gerosa M, Agostino V, Cingolani A, Sacco A, Saracco G, Margaria V, 
Quaglio M. Fluid dynamic modeling for microbial fuel cell based biosensor optimiza-
tion. Fuel Cell. 2017;17:627-634
[66] Ringeisen BR, Henderson E, Wu PK, Pietron J, Ray R, Little B, Biffinger JC, Jones-Meehan 
JM. High power density from a miniature microbial fuel cell using Shewanella oneidensis 
DSP10. Environmental Science & Technology. 2006;40:2629-2634
[67] Fan YZ, Hu H, Liu H. Enhanced Coulombic efficiency and power density of air-cathode 
microbial fuel cells with an improved cell configuration. Journal of Power Sources. 
2007;171:348-354
[68] Qian F, Morse DE. Miniaturizing Microbial Fuel Cells.Trends in Biotechnology. 
2011;29:62-69
Energy Conversion - Current Technologies and Future Trends92
